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A rapid computer program for the calculation of the design and the off-design

performance of a turbojet or turbofan engine is described. The program is
 
designed to be run in a stand-alone mode or operated within a larger program
 
such as ACSYNT, an aircraft synthesis program for preliminary design, which is
 
in use at Ames Research Center. The computation is based on a simplified one­
dimensional gas turbine cycle. Each component in the engine is modeled thermo­
dynamically. The component efficiencies used in the thermodynamic modeling
 
are scaled for the off-design conditions from input design point values using
 
empirical trends which are included in the computer code. The engine cycle
 
program is capable of producing reasonable engine performance prediction with
 
a minimum of computer execute time. The current computer execute (CPU) time
 




The principal assumption used in the calculation is that the compressor is
 
operated along a line of maximum adiabatic efficiency on the compressor map.

The fluid properties are computed for the combustion mixture, but dissocation
 
is not included. The procedure included in the program is only for the com­
bustion of JP-4, methane, or hydrogen; however, modifications are possible

which would allow the calculation for any hydrogen, carbon, or hydrocarbon.
 




The design of advanced aircraft requires the consideration of many parameter
 
variations in order to arrive at an optimum design for a particular mission or
 
group of missions. These design studies are traditionally done using many
 
large, separate computing programs that consider the various disciplines in a
 
noninteractive sense. However, recent rapid advances in computer technology
 
allow use of the computer to automate the early conceptual design of airborne
 
systems. The desire to use the computer for aircraft conceptual design
 
generates the need for a rapid, accurate means of calculating the performance
 
of the propulsion system. This report is oriented toward satisfying this need.
 
The most detailed qas turbine cycle analyses for desiqn and off-desiqn
 
performance are GENENG (GENeralized ENGine) (refs. 1 and 2) which was developed
 
from SMOTE (Simulation of Turbofan En-gine) (ref. 3) and NNEP (Navy-NASA Engine
 
Program) which was derived from NEPCOMP (rets. 4 and 5, respectively-). These
 
programs perform a detailed flow and performance match of the compressor and
 
turbine for each desired operating point. This matching requires the use of
 
detailed compressor and turbine performance maps and a means of matching the
 
compressor and turbine performance at each operating point. These programs
 
run in slightly less than 10 seconds per Mach number, altitude and power setting
 
on an IBM 360/67.
 
Waters (ref. 6) has published a description of a design or off-design gas
 
turbine cycle analysis. This analysis has an empirically determined effect
 
of compressor speed variation upon off-design compressor pressure ratio, but it
 




Vanco (ref. 7) has published a design-point cycle calculation. This work does
 
not consider the off-design case, nor does it have the built-in capability to
 
size the engines for a particular mission requirement.
 
The computer code presented in this report can compute the design or off-design
 
performance of a one or two spool turbojet or turbofan engine, with or without
 
afterburning or ductburning. It uses a compressor model which empirically
 
estimates the off-design pressure ratio and adiabatic efficiency of the com­
pressor. The efficiencies of the other engine components are also modeled
 
empirically. The gas properties are approximated using the polynomial approxi­
mations suggested by Vanco (ref. 7). The present program is~s a model for the
 
off-design fan pressure ratio which eliminates the cycle iterations required
 
for matching the engine. Use of the presented program increase the computa­
tional speed by at least a factor of 10 when compared with other programs which
 




A comparison of the results of the computer program with the performance of
 




A flow area (meters2 , feet2) 
BR bypass ratio 
C specific heat at constant pressure (Joules/kg0k, BTU/Ibm0R) 
dp derivative of total pressure (Newton/meter2 , lbf/ft2) 
f fuel air ratio by mass 
g gravitational constant (meters/sec, ft/sec2) 
2 
h specific total enthalphy (Joules/kg, BTU/Ibm) 
HVF fuel lower heating value (Joules/kg, BTU/Ibm) 
J conversion factor (1.0 for SI units, 778 ft lbf/BTU) 
M molecular weight 
N rotational speed (RPM) 
p total pressure (Newtons/m2 , lbf/ft2) 
PRCD compressor design pressure ratio 
PRFD fan design pressure ratio 
R universal gas constant (Joule/kgmol°K, ft lbf/lbmo°R) 
RPM revolutions per minute 
s entropy 
SFC specific fuel consumption 
T total temperature (OK, OR) 
V velocity (meters/sec, ft/sec) 
W mass flow (kg/sec, lbm/sec) 
kh incremental enthalpy (Joules/kg, BTU/Ibm) 
AS incremental entropy 



















design design condition 
D/B duct burner 
f fuel 
i isentropic (or ideal) 
in into considered component 
nozzle nozzle 
o free-stream 
out out of considered component 
ov overall 
prim primary 









A schematic diagram of a general gas turbine engine cycle is shown in Figure 1.
 
The air enters the inlet with a resultant loss in stagnation pressure which is
 
typically a function of flight Mach number. The airflow then enters the fan
 
and/or outer compressor where it may be divided into the primary flow (the flow
 
through the primary gas turbine) and, if the engine is a turbofan, the second­
ary or bypass flow. The primary airflow is then routed through the inner com­
pressor for additional compression. A small amount of the primary flow is
 
directed around the combustor to provide cooling for the turbines. The
 
remainder of the primary flow enters the combustor where fuel is added and
 
combustion occurs. The combustors are designed for fuel-lean conditions (less
 
4 
fuel than required for stoichemetric burning) in order that the gas temperature
 
entering the turbine does not exceed the structural or material limitations of
 
the turbine. Many studies have been made on methods of cooling these turbines
 
and quite involved techniques are used in modern gas turbine engines. Current
 
cooling technology allows the turbine inlet temperature to go as high as
 
13890K to 17780K (2500OR to 32000R).
 
The primary airflow, including the turbine cooling air that was routed around
 
the combustor, enters the inner turbine which is connected to the inner com­
pressor with a shaft along the centerline of the engine. This shaft transfers
 
the energy required to drive the inner compressor from the inner turbine to the
 
inner compressor. The combination of compressor, shaft, and turbine is usually
 
called a spool. The primary gas flow then enters the outer turbine which is
 
connected via a shaft running through the hollow inner turbine shaft to the
 
outer compressor-fan combination. This shaft supplies the energy required to
 
drive the outer compressor-fan combination. The combination of outer compressor­
fan, outer turbine and connecting shaft is called the outer spool. The fan
 
may or may not have the same number of stages (rows of blades) as the outer
 
compressor. In a three spool engine, the fan is driven by a separate turbine.
 
Many engines do not have a fan but have an inner and outer compressor (atwo
 
spool turbojet). The gas flow leaving the outer turbine enters the afterburner
 
section where additional fuel can be added and burned. The afterburner may or
 
may not be present, depending on the operational requirements of the engine. In
 
general, the afterburner supplies a large amount of additional thrust (about 1.5
 
times nonafterburning thrust) at the expense of increased specific fuel consump­
tion. The primary gas flow is then expanded through a nozzle to produce thrust.
 
In some engines, the primary and secondary (bypass) gas flows are mixed ahead of
 
the nozzle. These engines are called mixed flow exhaust engines. Other engines
 
have separate nozzles for both the secondary and primary gas streams. Some
 
turbofan engines have combustors located in the bypass duct and are, therefore,
 




The method of analysis used in this study involves the thermodynamic modeling
 
of each component (the compressor, burner, turbine, etc.) of a gas turbine
 
engine. The analysis is applicable to a one or two spool turbojet or turbofan,
 
with or without afterburning or ductburning. The analysis does not involve any
 
cycle iterations. Properties of the combustion gases for use in the thermo­
dynamic modeling are computed using polynomial curve fits of the specific heat,
 
the enthalpy, and the entropy of the combustion gases (ref. 7). These fitted
 
parameters are functions of the fuel-air ratio of the combustion gas and of the
 
gas temperature. The technique is limited to temperatures below the dissocia­
tion temperature (about 22000K or approximately 40000 R). The properties in­
cluded in the computer code are for JP-4, methane, or hydrogen; however, modi­
fications to include any hydrogen, carbon, or hydrocarbon fuel are possible.
 
The component efficiencies used in the thermodynamic modeling are scaled for
 
off-design conditions from the input design-point value using empirical trends
 





The principal assumptions in the present analysis are:
 
1. Each compressor operates along a specified compressor operating line.
 
2. The bypass ratio is held constant at the design value.
 
3. The flow through the turbine nozzles is sonic (choked).
 
4. The combustor, afterburner and duct burner pressure drops are
 
assumed constant at the design (input) value.
 
5. The thermodynamic properties are calculated using polynomial curve
 








A total enthalphy-entropy diagram for a two spool turbofan is presented in
 
Figure 2. Each of the individual engine components are labeled and both the
 
ideal process and the actual process are shown. Diagrams for other types of
 






The gas properties have been approximated by the polynomial expressions of
 
reference 7. These properties are functions of gas temperature, fuel to air
 
ratio, and type of fuel. The computer code includes property descriptions for
 
JP-4, hydrogen, or methane.
 
Using this technique, the specific heat of the gas is expressed by a polynomial
 
equation. Appropriate inteqrations of this expression yield the enthalpy
 


























The importance of the entropy function can be seen from recalling that a
 
general expression for entropy change between two state points is
 
T2 2 	 2
 
(3)
ASc= Cp -f K f 
T1 1
 
For an isentropic process this reduces to
 
S 
T 2 f dT = P2 (4) 
~pT JMP 
T P1 
When the appropriate integrations are accomplished, equations (1), (2), (3),
 
and (4)produce a property description for the combustion gas. Using this
 
property description, it is possible to compute the properties through the gas
 
turbine from thermodynamic considerations. If the type of fuel is specified,
 




A = AO (Ta Tb' f) 	 (5)
 
the enthalpy function is
 
Ah = 	 Ah (Tag Tb, f) (6) 
and the specific heat is 
Cp : Cp (Ta' Tb, f) (7) 
where Ta is the initial temperature, Tb is the final temperature and f is
 
the fuel/air ratio for the considered mixture. Equations (5), (6), and (7)are
 







The function of the inlet is to meter and condition the airflow to conform with
 
the demands of the engine. During this process, there occurs a drop in total
 
pressure of the flow because of losses due to friction as well as possible
 
shock and separation losses. A measure of these losses is the total pressure
 
recovery (the ratio of total pressure out of the inlet to total pressure into
 
the inlet). The total pressure recovery will be used in this report to indicate
 
the efficiency of the inlet.
 
Standard functional relationships for inlet total pressure recovery have been
 
developed (ref. 8). These usually relate the inlet total pressure recovery
 
to the free stream flight Mach number.
 
Two of these functional relationships are
 
the AIA Ram Recovery
 
Pl/po = 1.0 - 0.1 (M.- 1.0)1.5 M >l (8)
 
= 1.0 M. 1
 
and the Military Spec 5008B
 
P1/Po = 1.0 - 0.075 (M .- 1.0)1.35 M > 1 (9)
 
= 1.0 M . 1 
The AIA Ram Recovery and the Military Spec 5008B Recovery are included in the
 






Typical mathematical models of compressors involve detailed maps of compressor
 
pressure ratio as a function of compressor corrected weight flow and corrected
 
rotational speed with the compressor adiabatic efficiency as a parameter
 
(refs. 9 and 10). These compressor models are usually empirically determined
 
and are dependent on the particular compressor design. The empirical perform­
ance of eight different compressor designs was examined in the article by
 
Robbins and Dugan '(ref. 9). The purpose of their study was to obtain a general
 
empirical description of compressor performance for a wide family of axial flow
 
compressors. The present work uses the results of the study by Robbins and
 
Dugan. In addition, the present-work utilizes the assumption that the compres­
sor is operated along a line ofjimtximum adiabatic efficiency as the compressor
 
weight flow and speed is varied. It is also assumed that the compressor refer­
ence point described by Robbins and Dugan is equal to the compressor design

point. This assumption eliminates an iteration and seems to cause no appre­
ciable error. Using these assumptions and the work of Reference 9, it is
 
possible to describe the performance of a family of axial flow compressors using
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three charts which have been reproduced from Reference 9 as Figures 3, 4, and 5.
 
Figure 3 presents the percent corrected speed as a function of design compressor
 
pressure ratio and percent corrected airflow. The compressor corrected weight
 
flow and design compressor pressure ratio are used to obtain the percent cor­
rected speed using this figure. Figure 4 presents off-design compressor pressure
 
ratio (inpercent of design) as a function of design compressor pressure ratio
 
and percent design corrected speed. The input to this figure is design compressor
 
pressure ratio and percent design corrected speed which isobtained from the
 
previous figure. The off-design compressor pressure ratio isobtained from this
 
figure. Figure 5 presents off-design adiabatic efficiency as a function of design
 
compressor pressure ratio and percent design corrected speed. The off-design
 
adiabatic efficiency is obtained from this figure. Each of these charts is
 




After the pressure ratio and adiabatic efficiency for each compressor has been
 
obtained, the work required to drive these components can be computed. The
 
ideal compressor exit temperature can be found from
 
Pout 	 (0
A4CT IT ) = Iin n ut  4 	 (Tout i in = 3 (10) 
where Touti isthe ideal exit total temperature for the outer compressor.
 
The outer compressor work is
 
W. h _ hi Win(houti - hin
In 	 (t- = qc(11) 
inI 	ut -in) 
 T
 
where the compressor adiabatic efficiency isobtained from Figure 7. The inner
 
compressor work isfound in a similar manner.
 
The total mass flow into the engine isthe sum of the secondary (bypass) mass
 
flow (Wsec) and the primary mass flow (Wprim)
 
Wov =Wsec + Wprim 	 (12)
 
and the bypass ratio isdefined as
 
BR 	= Wsec/Wprim (13)
 
The exit total temperature for the compressor can be found for the inner and
 
outer compressor by using enthalpy obtained inequations (10) and (11),
 







For bypass engines, the fan supercharges the primary flow. For the purpose of
 
the paper, the inner portion of the fan flow which pressurizes the primary mass
 
flow is considered part of the outer compressor. The outer annulus portion of
 
the flow which enters the bypass duct, ifthe engine is a turbofan, will be
 
denoted as secondary flow and any reference to fan performance will consist only

of this outer portion of the fan. The fan and outer compressor are assumed to
 
have the same pressure ratio per stage for both design and off-design operation.
 
The fan off-design pressure ratio can therefore be determined by scaling its
 
value from the outer compressor off-design pressure ratio by using the known
 
values for the design fan and outer compressor pressure ratios.
 









where p is the total pressure at the indicated points, and PRFD and PRCD are
 
the design fan and compressor pressure ratios.
 
Equation (14) can be used to approximate the fan pressure ratio at off-design
 
conditions from the compressor off-design pressure ratio, which isobtained from
 




This technique eliminates the need to do cycle iterations to find the fan off­
design pressure ratio. However, it isnot as accurate as the techniques
 
involving cycle iteration using separate fan maps and, in general, itover­
predicts the off-design fan pressure ratio. The cycle iteration approach

involves guessing values of the parameter of interest, computing through the
 
cycle, checking the results against some required bounary condition, and then
 
correcting the input parameter if the boundary conditions are not satisfied
 
(refs. 1 to 5).
 
The bypass ratio, the ratio of secondary airflow through the fan duct to primary





The exit fan ideal total temperature can be found using equation (4)for the
 
known fan pressure ratio.
 
The adiabatic efficiency of the fan isassumed equal to the outer compressor
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Combustor/Afterburner/Ductburner
 
The computation for the combustor, afterburner, and ductburner involves a mass and
 
energy balance across each of these components. Ifthe mass balance and energy
 







Wairin (hf + ThB HVF) - hproduct (15) 
The total enthalphy of the products (h )roducts
can be computed from the input
 
combustor exit temperature and the fue -air ratio. The total enthalphy of the
 
fuel isthe sum of the sensible enthalphy (hf) and the chemical enthalphy
 
(HVF) or lower heat value of the fuel. The program operation requires that the
 
combustor design exit temperature be input. The combustor inlet temperature is
 
reduced if the engine isto be operated at reduced power.
 




Typical values for the burner efficiency, n , are shown infigure 6 (refs. 11, 
12, and 13). The burner efficiency is showR as a function of PS TS/VR, where 
PS isthe static pressure at the entrance, TS isthe static temperature'at 
the burner entrance, and VR isthe combustor reference velocity, based on PS'
 
TS, and the combustor maximum cross section area. The computer program contains
 






The inner turbine usually sets the limit for the maximum combustor exit
 
temperature. The inner turbine nozzles operate at a Mach number of one (choked)
 




WT = constant (16)
 
where W is the mass flow into the flow area A at a total temperature T
 
and a total pressure p. In the computer program there are two modes
 
of operation for the inner turbine computer model.
 
The first mode is the design mode inwhich the turbine nozzle area required to
 





Inthis design mode of operation, the inner turbine nozzle flow area is computed

for input component efficiencies, design pressure ratios and design combustor
 
exit temperatures. The airflow through the engine isarbitrarily chosen for this
 
mode as the airflow and flow areas scale directly with thrust and, therefore, the
 
computed inner nozzle flow area can be scaled to the required input thrust level.
 
The inner turbine nozzle area isthen fixed for the second mode of operation ­
the off-design mode - and the combustor exit temperature is computed which satis­




The isentropic turbine work isequal to the work required to drive the attached
 
compressor plus the additional work required to overcome the losses of the
 
turbine. These turbine losses are usually accounted for by using a turbine
 
adiabatic efficiency, rvt, which is empirically determined. Thus, the isentropic

work of the turbine is:
 
isentropic = Wcomp ('out - hin)comp
turbine - (17) 
work lt 
The isentropic total temperature out of the turbine can be computed from the
 
ideal turbine enthalphy difference of equation (17) by use of equation (6).

The turbine total pressure ratio can be computed from the turbine entry

temperature, the isentropic turbine exit temperature and the fuel air ratio by
 
use of equation (4).
 
Inorder to complete the calculation, it isnecessary to find the turbine
 
adiabatic efficiency. The design point turbine adiabatic efficiency is input

by the program user. The off-design turbine adiabatic efficiency can be
 
computed from an approximation suggested by-Dugan inreference 9. The
 
approximation can be expressed as:
 




Where ntdesign isthe input design adiabatic turbine efficiency, Nt isthe
 
turbine RPM and Ah isthe actual total enthalphy difference across the
 
turbine. The turbine RPM, Nt isequal to the associated compressor RPM.
, 

The total enthalphy difference across the turbine Ah can be found using:
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Dugan stated that the accuracy of equation (18) for the off-design adiabatic
 
efficiency was "quite good over much of the turbine performance map. Near
 




The outer turbine's performance is computed in a similar manner except the
 




The nozzle calculations utilizes the assumption that the flow is fully expanded
 
to ambient pressure isentropyically. A correction term, the nozzle velocity
 
coefficient, isapplied to the computed velocity to account for incomplete







h. =h =h V2out (20)
in out bouts + 2gJ
 




R ln Pout (21)
nozzle JM Pin
 
Where Pout/Pin are equal to the reciprocal of the engine nozzle total pressure
 
ratio. The above expression for A can be used to compute the ideal total
 
temperature at the nozzle exit by using equation (5). The ideal nozzle total
 
enthalphy can be computed using equation (6), and the ideal velocity can be
 
computed from equation (20). This velocity isthen corrected to the actual
 
jet velocity using an input velocity coefficient which can be a function of
 






The specific thrust of an engine is defined as the net thrust divided by the 
total airflow of the engine,. The net thrust of the engine can be obtained 
from a momentum balance across the engine. Recall the nozzles are assumed to 
be fully expanded (Pexit = Pambient)- It is customary (refs. 8, 10, and 15) 
to reference the engine thrust to free stream conditions and make the appro­
priate corrections for any external cowl drag or change instream momentum 
ahead of the engine. Therefore, the engine thrust is 
Gross thrust = (W8 V8 + W6 V6 )/g
 
Ram Drag = Wov x Vo/g (22)
 




and the specific thrust using (22) is
 
ST = net thrust - W8 V8 + W6 V6 -Wo Vo (23) 
Wo0 W 0g 
Specific Fuel Consumption
 
The specific fuel consumption is defined as the total fuel flow in pounds per
 
hour divided by the net thrust in pounds. This important parameter is a
 
measure of the overall efficiency of the engine. The fuel flow per hour is
 
fuel flow per hour = Wfprim + WfA/B+ WfD/B)3600 (24) 
Using (22) and (24) with the definition of SFC
 
SFC (Wfprim + WfA/B + WfD/B )3600 g
 (W8 V8 + W6 V6 - 10Vo) (25) 
Overall Engine Efficiency
 
The overall efficiency of the engine is another important parameter of the
 
engine cycle. This efficiency is described quite completely by Shepard
 
(ref. 8). The overall efficiency is defined as the useful power (thrust x
 




nov rate of energy in
 
The rate of energy into the engine is equal to the fuel flow times the energy
 
stored in the fuel. Using the definition of SFC and considering both the
 





SFC(net thrust)(HVF)J + V g (27)
2g 7 
rate of energy in = 3600 
3600(Vo) (28) 
1ov 2 
14 SFC(HVF)J0 + 02­
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The overall efficiency, nov, can be divided into two components; the propulsive

efficiency, 1pro' and the thermal efficiency 7th. The propulsive efficiency
 
isthe useful power (thrust times velocity) divided by the rate of kinetic
 
energy production by the exhaust
 
(net thrust)(Vo) 
1pro = "8 V82 - Vo2)+ W6 (V62 _ V 2) (30) 
2 2 0 
The fuel added to the engine has been neglected in (30). The propulsive

efficiency is a measure of the losses due to difference inexhaust jet velocity

and the free-stream velocity. The thermal efficiency isthe energy rate out
 
of the engine which isavailable for useful work divided by the rate of energy

into the engine. This is a measure of the efficiency of the cycle.
 
Therefore, the thermal efficiency Tth' is
 
2
W(V_2 Vo2) + (V6 V 2) 
nth (SFC)(net thrust) [(HVF)(J) + Vo2/2g] (31)
360D 
and note that by comparing (28), (30), and (31)
 
nov = Tth Tpro (32) 
ACCURACY OF THE PROGRAM
 
The accuracy of the program can be evaluated by comparing the program output

for a known engine cycle with the comparable specification (ref. 16). of the
 
known engine. This comparison requires the knowledge of the component effi­
ciencies for the engines which are used inthe comparison. Unfortunately, the
 
component efficiencies are not available inthe literature for particular

engines, however, general trends and typical values are well known (refs. 9,

10, 15, and 17) and could be used for the comparison. Another method of
 
obtaining values for the component efficiencies for a particular engine isto
 
match the sea level static performance of the engine by varying the input
 
component efficiencies within the bounds of known technology. The approach,

using this technique, isthe fix all known engine cycle parameters and to vary
 
15 
the component efficiencies until the sea level static performance from the
 
cycle analysis is equal to the actual engine specifications. The results
 
using this technique are not unique but experience shows that values for the
 
engine component efficiencies do not vary more than a few percent from design
 
to design if the engines were designed at the same technology level. In the
 
following comparisons, the sea level static 100 percent RPM, thrust and SFC
 
point was matched approximately to the engine specifications (ref. 16) by
 
varying the component efficiencies. These efficiencies were examined to be
 
sure that they were reasonable and consistent. The code then was used to
 
generate all off-design (part throttle) and design points other than the sea
 
level static, 100 percent RPM point. During these calculations, the input
 
design point efficiencies were used, with off-design variations to these
 
parameters computed from curve fits of empirical data contained in the code.
 
Figures 7, 8, and 9 present comparisons for the JT8D, the J-79, and the CF6
 
engines, respectively. The engine specifications from Reference 16 are repre­
sented by the solid lines. Average differences of 5 percent are typical with
 
maximum error of less than 15 percent. The maximum error usually occurs
 
during the after-burning or duct-burning and is probably caused by the assump­






A method for computing the design and off-design performance of a gas turbine
 
engine is presented and the results are compared with engine specifications
 
for several typical engines. The results indicate average errors in the
 
performance calculation of less than 5 percent with maximum errors of about 15
 




A computer code is described which is capable of producing performance
 
calculations for a gas turbine engine at one Mach altitude and power setting
 




The increase in computational speed was accomplished by not using detailed
 
compressor and turbine maps and not using any iterations between components in
 
the calculations. The compressor model used in the present report is based on
 
empirical data and required the assumption that the compressor is operated
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Figure 1.- Engine schematic for a two spool turbofan. 
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Figure 6.- Combustor efficiency. 
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Input to the computer program is achieved via a namelist called LEWIS.
 
The various input variables are described in this appendix. The inputs
 
followed by ** are required for operation of the program. The other
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1) DETAILED OUTPUT NOMENCLATURE
 
2) SAMPLE DETAILED OUTPUT (PWJT8D-9)
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